We have investigated the mechanism by which transcription accelerates cleavage and polyadenylation in vitro. Using a coupled transcription-processing system we show that rapid and efficient 3′-end processing occurs in the absence of crowding agents like polyvinyl alcohol.
delivers them to the emerging transcript during transcription (Proudfoot, 2004; Bentley, 2005) .
However, this postulated recruitment function is difficult to distinguish experimentally from the known function of the CTD as a required participant in the poly(A) site cleavage reaction (Hirose and Manley, 1998; Ryan et al., 2002) . This CTD requirement for cleavage is manifested in the absence of transcription and is thus distinct from any transcription-related recruitment function. Interestingly, there is another connection between transcription and processing that has received almost no experimental attention. This is the nascent RNA that links the processing apparatus to the polymerase. This tether is known to be functionally important in prokaryotes (Nodwell and Greenblatt, 1991) but its role in eukaryotes has not been examined.
A typical core poly(A) signal in mammals consists of two recognition elements (an AAUAAA hexamer upstream and a U or GU-rich element downstream) flanking the poly(A) cleavage site (Zhao et al., 1999) . Although the only chemistry required for cleavage at the poly(A) site is hydrolysis of a single phosphodiester bond in the RNA, the apparatus that must be assembled to do this is enormously complex (Calvo and Manley, 2003; Proudfoot, 2004) .
Presumably this reflects regulatory functions consistent with its connection to such far-flung activities as transcription, capping, splicing and transport (Flaherty et al., 1997; Hammell et al., 2002; Proudfoot et al., 2002; Calvo and Manley, 2003) . The ultimate consequence is an apparatus so large that if bound to the CTD it would dwarf the polymerase.
It is not known how the cleavage apparatus is assembled on the poly(A) signal, but various data suggest that it is a stepwise process (Chao et al., 1999; Takagaki and Manley, 2000) . This is consistent with its complexity and with the lag that reportedly precedes cleavage in vitro (Ruegsegger et al., 1998) . It is also unclear what special contribution transcription might make to assembly. For example, chromatin immunoprecipitation data from yeast suggest that the CTD may play only a limited role in factor recruitment prior to the appearance of the poly(A) signal (Kim et al., 2004) . To better understand the role of transcription in facilitating 3′-end processing we have initiated experiments to investigate this problem in vitro. We first sought conditions in which transcription would yield RNA that is rapidly and efficiently processed under conditions of ongoing transcription, and then we asked questions about the mechanism. Interestingly, our results highlight, not the role of the CTD, but of the RNA itself in the assembly of the cleavage complex. We favor a model in which the polymerase on its own cannot bind the assembling cleavage complex with sufficient stability to support maturation, but relies on the RNA to retain the nascent apparatus in close proximity until assembly on the polymerase is complete. Fig. 1A shows 3′-end processing that is fast and efficient when coupled to transcription in vitro in a nuclear extract. Following pre-initiation complex formation, transcription was initiated with a pulse of [α-32 P] CTP, and then chased for various times with a high concentration of unlabeled CTP (Fig. 1A) . The gel in Fig. 1A shows transcript length steadily increasing so that by 4 min the majority of polymerases have passed the poly(A) site. Then, after a short lag, cleaved and polyadenylated transcripts appear and rapidly accumulate. The % polyadenylation is given below the gel and is plotted as a function of time in Note that little or no cleaved but non-polyadenylated RNA appears on the gel, consistent with the known tight coupling of cleavage and polyadenylation (Manley et al., 1982; Moore and Sharp, 1985) . The polyadenylated RNA band is broad because of heterogeneity in poly(A) tail length (Wahle, 1995) .
Results

3′-end processing coupled to transcription.
To confirm that the RNA was polyadenylated and accurately cleaved we oligo(dT) selected the RNA and characterized it by RNase protection (Fig. 1B) . The oligo(dT) selected RNA (lane 4) gave a protected fragment, identical to that from RNA transcribed in vivo in transfected cells (lane 1), that was not there when the poly(A) signal was inactivated by mutation (lanes 3 and 5). 1C and Fig. 1E , open squares). We confirmed that processing in Fig. 1C was correct by blocking polyadenylation and measuring the size of the cleaved but non-polyadenylated RNA produced, an approach more convenient than RNase protection. To block polyadenylation we added 3′-dATP to the coupled reaction before processing began but after a large fraction of the polymerases had crossed the poly(A) site (4 min). Fig. 1D shows that, indeed, the broad band of correctly processed RNA in lane 1 gave way, after 3′-dATP treatment, to a sharper band of cleaved but non-polyadenylated RNA running faster in the gel (lane 2). This band was authentic poly(A) site cleaved RNA-a mutant BGH poly(A) signal yielded no such band (lane 3), whereas mutant transcripts cut at the poly(A) site using RNase H did (lane 4). We wondered whether the rapidity of 3′-end processing seen in Fig. 1 requires on-going transcription. To answer this we took advantage of the lag before processing begins (see Fig.   1A , lane 3). We pulsed, chased for 3.5 min and then, before processing began, added α-amanitin to stop transcription. We also added 3′-dATP, as above, to block poly(A) tail growth and highlight the poly(A) site cleavage event per se (Niwa et al., 1990; Cooke et al., 1999) . Fig. 2A , lane 1 confirms that shortly after α-amanitin and 3′-dATP were added the majority of transcripts remained uncleaved. However, efficient poly(A) site cleavage rapidly ensued ( Fig. 2A , lanes 2-4) and displayed similar kinetics to a parallel reaction in which both transcription and polyadenylation were allowed to proceed (lanes 5 and 6). The data are plotted as squares and triangles in Fig. 2B . The line in Fig. 2B , however, is a direct reproduction of the dashed line in Fig. 1E -a previous experiment using the same extract under continuous transcription conditions. It can be seen that the rate of 3′-end processing is similar both in the absence and presence of on-going transcription. Therefore, once the polymerase has crossed the poly(A) signal ongoing transcription is no longer required for rapid and efficient 3′-end processing.
Moreover, poly(A) tail growth does not contribute to the speed or efficiency of poly(A) site cleavage in our coupled system. Is there any role for transcription in this system, beyond merely producing the RNA that is to be processed? For example, perhaps processing in these extracts is efficient simply because the extracts are unusually effective at processing per se, or because they produce RNA having some special property that facilitates processing. To address this we made 32 P labeled RNA under coupling conditions, used gel extraction to purify RNA of sufficient length to contain the poly(A) site, and then added this back to a coupled reaction in which transcription had been initiated with a cold pulse (Fig. 2C) . We also added 3′-dATP to facilitate detection of any cleaved RNA (i.e. so a sharp band low in the gel would be produced rather than a broad polyadenylated band overlapping the unprocessed precursor). The results do not show any poly(A) site cleavage of the pre-made RNA over at least 30 min (Fig. 2C) . In contrast, when the larger amount of RNA synthesized in situ in an identical parallel sample was labeled, it could be seen to undergo fast and efficient cleavage at the poly(A) site (Fig. 2D ). Thus coupled, but not uncoupled, processing under these conditions is fast and efficient.
To show that the RNA in Fig. 2C had not been damaged by the purification procedure, we subjected some of the same RNA to standard uncoupled processing conditions in the presence of polyvinyl alcohol (PVA). Fig. 2E shows that this gel-purified RNA is fully capable of poly(A) site cleavage when conditions that drive uncoupled processing are used. Although we have included PVA in some of our coupled processing reactions (e.g. Fig. 1 ), we now realize that, while it does improve efficiencies, it is not a required ingredient for coupling. Thus, coupled processing proceeds quickly in the absence of PVA (Fig. 2D ) whereas uncoupled processing requires PVA (compare Figs. 2C and 2E) . Taken together these results show that some property of the ternary transcription complex itself or of the associated RNA (as opposed to on-going transcription) allows rapid processing to occur even in the absence of crowding agents such as PVA.
The RNA tether from the poly(A) signal to the polymerase mediates coupling. To evaluate the role of the transcription complex in coupling we decided to focus on its defining feature-the nascent RNA. Specifically, we severed the RNA tether between the poly(A) signal and the polymerase to see if this would impair coupling. To sever the tether we added to the transcription mixture short DNA oligonucleotides complementary to sequences downstream of the poly(A) signal (Fig. 3A) . Hybrid formation by these oligos with their RNA targets then led to cutting by the RNase H endogenous to the extract. We wanted to verify that the RNase H-cut RNA was not intrinsically incapable of being cleaved at the poly(A) site (unlikely because RNase H cutting occurred in sequences from the cloning vector). Therefore, we gel extracted the RNase H-cut RNA from bands like those in lanes 1 and 10 of Fig. 3B and subjected it to standard uncoupled processing in the presence of PVA ( Fig. 3B had no PVA). Fig. 3C shows that both 77-cut and 397-cut RNA were processed efficiently in PVA. Moreover, the efficiency of this uncoupled processing was comparable for both RNAs, showing that cutting farther downstream rescues coupled processing ( Fig. 3B ) for some reason other than the length increase per se of the cut RNA.
The SV40 late poly(A) signal is strong (Carswell and Alwine, 1989) , having enhancer elements both upstream and downstream of the hexamer and G/U-rich core elements (Lutz and Alwine, 1994; Bagga et al., 1995) . To assess the tether requirement for a weak poly(A) signal, composed of core elements only, we carried out the experiment of Fig. 3D . Lanes 1 and 2 show that the coupled in vitro system can support processing of this weak poly(A) signal. Lane 5
shows that when the tether was cut 129 nt downstream of the poly(A) site, little poly(A) site cleaved RNA was produced.
The results of Fig. 3 suggest a model in which a tether is required to hold the poly(A) signal close to the CTD during the early stages of cleavage complex assembly until this complex is sufficiently mature to remain stably associated with the CTD on its own (Fig. 3A) . We can also envision a "structural" model that invokes a 3′-end processing complex that is large when coupled to transcription, and that includes hundreds of nucleotides of downstream RNA.
According to this model, the complex needs to be large to support functions related to coupling, and cutting interferes with its assembly. Coupled processing in the structure model would be rescued upon cutting farther downstream ( Fig. 3B ) because assembling this large structure (on the polymerase, in the simplest version of the model) would get easier as the 3′ extension on the RNA gets longer (not true, recall, for uncoupled processing of these RNAs, Fig. 3C ). This contrasts with the tether model for which any RNase H-cut RNA, long or short, gets lost and can never be processed efficiently if it is cut before becoming stably associated with the polymerase.
For the tether model, targeting the RNase H farther downstream rescues processing because a larger number of transcription complexes are able to assemble a mature cleavage complex before the RNase H target is extruded.
We can distinguish between these two models by determining how efficiently the RNase Hcut RNA gets processed. In Fig. 3B the amount of RNase H-cut RNA decreases slowly with time once cutting is complete (e.g. lanes 2-3, 8-9 and 11-12). This decrease could reflect nonspecific degradation, uncoupled processing, and/or coupled processing. Non-specific degradation can be accounted for by reference to RNase H-cut RNA having a mutant poly(A)
signal. The structure and the tether models can then be distinguished by comparison of RNAs cut by RNase H at the 397 and the 77 oligo positions. Both of these RNAs are similarly accessible to uncoupled processing ( Fig. 3C ), but the structure model predicts that the longer 397-cut RNA will more easily assemble the large apparatus required for coupled processing and will, therefore, get processed and decrease in amount more rapidly than the 77-cut RNA. An analysis of the data in Fig. 3B (after normalizing to parallel data for mutant RNAs) indicates, however, that this is not the case, disfavoring the structure model.
To test the structure model explicitly, we carried out additional experiments (Fig. 4) . In Fig. 3B the oligos had been added early, before the transcribing polymerases reached the poly(A) site, for maximum effect. However, for Fig. 4 , to restrict our attention to structural issues, the oligos were not added until transcription was stopped with α-amanitin, just before the start of processing. We then allowed 5 min for the RNase H to cut, and finally took time points to ask whether 397-cut RNA is processed more rapidly than 77-cut RNA as required by the structure model. Recall, the purpose of the experiments in Fig. 4 was to test the prediction of the structure model that the 397-cut RNA will get processed more efficiently than the 77-cut RNA. The differences in RNase H-cut band intensities in Fig. 4A are not sufficient to see by eye, but can be revealed by quantitation. The heavy bars in Fig. 4B (lower panel) represent the range of values obtained for the decrease in these RNase H-cut RNAs over the two different time intervals (after normalizing to the mutant RNAs in lanes 4-6 and 10-12). It is clear from the overlapping data sets that there is no significant difference in the rates at which these RNAs disappear. In particular, there is no support for the requirement in the structure model that the 397-cut RNA should disappear faster than the 77-cut RNA.
Since the "rescue" that occurs upon moving the cutting downstream to the 397 position ( We asked to what extent these two classes of RNA are pulled down with the ternary complex.
We began by using immobilized templates (Fig. 5B ). To facilitate quantitation we included an internal standard in our reactions in the form of an oligonucleotide targeted to a region 5′ of the poly(A) signal (see Fig. 5A ). The concentration of this oligo was chosen so that only a small proportion of the transcripts would be cut by RNase H at this up-stream location. The experiments then consisted of determining how the two classes of transcript described above [i.e.
cleaved at the poly(A) site or cut within the tether by RNase H] partition between pellet and supernatant relative to partitioning of the 5′ fragment. Transcription on the immobilized templates was initiated with a pulse of [α-32 P] CTP in the usual way (Fig. 5B ) except that the pulse was lengthened to give more counts in the transcripts and the oligos were added during the pulse. Then α-amanitin and 3′-dATP were added during the processing phase of the reaction, as before, to facilitate quantitation. Finally, magnetic selection was used to separate the templates and their associated ternary complexes from any RNA that was released.
An inconvenience of these experiments is the presence in HeLa nuclear extracts of TTF2, an ATP-dependent, poly(A)-independent transcript release factor (Jiang et al., 2004) . We have confirmed, using activation by ATP but not by AMPPNP (Xie and Price, 1997 ) that our extracts contain such an activity (data not shown). The properties of this protein have been likened to those of E. Coli Mfd (Hara et al., 1999; Jiang et al., 2004) which preferentially attacks stalled polymerases (Park et al., 2002) . Unfortunately, our need to block poly(A) tail growth [so as to resolve poly(A) cleaved transcripts from those cut by RNase H] requires the use of 3′-dATP-which stalls transcription (regardless of whether α-amanitin is also present). Although we have shown that this stalling does not interfere with coupling ( Figs. 2A and B) , many of the stalled transcription complexes get released from the immobilized templates before they can be isolated for analysis. Moreover, the problem is exacerbated by the fact that magnetic beads reduce processing efficiency (Yonaha and Proudfoot, 2000) which necessitates longer incubation times. Consequently in Fig. 5B most transcripts are actually released (see lanes 1 and 3 of the gel in Fig. 5B ) so that the supernatant reflects primarily the overall composition of the sample rather than the composition of a preferentially released fraction. Fortunately, however, the significant observations in this experiment come from the pellets, which still contain sufficient material to quantitate.
The gel in Fig. 5B shows that the pellet of a transcription-processing reaction is substantially To explore this further using a different method we carried out a polymerase pull-down experiment. Transcription was carried out in the presence of the 397 oligo as shown in the time line of Fig. 5C (essentially as for lane 11 of Fig. 3B ). Then RNA polymerase II was pulled down using an antibody to the N-terminus of its large subunit. Recall that the 397 oligo allows some rescued processing to occur but that the 397-cut RNA itself is not efficiently processed (Fig. 4) .
Lanes 1 and 2 of Fig. 5C show that most of the 397-cut RNA was left in the supernatant but about half of the poly(A) cleaved RNA appeared in the pellet. Almost no RNA appeared in the pellet if an irrelevant antibody or naked beads were used (Fig. 5C, lanes 4 and 6) . In each of five independent repeats of this experiment the poly(A) site cleaved RNA was enriched in the pellet after pulling down the polymerase-on average 2.6 fold.
It is interesting that processed transcripts remain associated with the polymerase. This could reflect the persistence of the entire processing apparatus on the polymerase even after cleavage, or it could reflect the action of a sub-set of factors that bind the cleaved 5′ fragment. To evaluate these alternatives we focused on CstF which binds the GU-rich element of the poly(A) signal downstream of the cleavage site. Since CstF would not be expected to remain associated with the processed transcript unless much of the apparatus remains intact we pulled down its RNAbinding subunit (CstF 64) to see if the cleaved transcripts come along. A 5′ oligo was also included for normalization as in Fig. 5B . Fig. 5D , lanes 2 and 4 show that, indeed, a substantial amount of poly(A) site cleaved transcript, polyadenylated or not, was pulled down by CstF. In contrast, transcripts cut by RNase H at the 5′ oligo position were not significantly pulled down (lanes 2 and 4), and an irrelevant antibody pulled down nothing at all (lane 6). Apparently, the cleavage apparatus remains at least partially intact even after half of the RNA sequence responsible for its initial assembly has been removed.
Discussion
We have described an in vitro system in which fast, efficient and accurate cleavage and polyadenylation is coupled to transcription. In addition we have shown, for two different poly(A) signals (Figs. 3B and 3D) , that an intact tether of nascent RNA from the poly(A) signal to the polymerase (Fig. 3A) is required for this coupled processing. We also observed this tether requirement for 3′-end processing when we used a transcription unit that exhibits active splicing (data not shown). We suggest that the immature cleavage apparatus is unable to cling securely to the polymerase on its own and requires a tether to hold the poly(A) signal close to the polymerase until a mature, and stable, processing complex has formed (Figs. 4 and 5) . A similar idea has been suggested on the basis of experiments performed in vivo in which a ribozyme rather than RNase H was used to cut the tether (David Bentley, personal communication). The simplest model for cleavage apparatus assembly thus appears to be that the poly(A) signal is extruded from the polymerase and then collaborates with the CTD to recruit factors (Kim et al., 2004) and to assemble a complex that does not bind strongly to either the RNA or the CTD alone. Of course, some factors may be recruited to the polymerase in advance of the appearance of the poly(A) signal (Calvo and Manley, 2003) .
But why have the decisive stages of assembly been designed to be so fragile? An attractive possibility is that this is a manifestation of the previously proposed check-point activity of the poly(A) signal (Orozco et al., 2002) . Perhaps a tenuous assembly scheme allows the nascent processing apparatus to sample multiple inputs before committing to a final course of action.
Though the assembly process is initially tentative, once mature, the association of the apparatus with the polymerase apparently survives even cleavage at the poly(A) site ( at cleaved transcripts for which polyadenylation had been blocked. However, once polyadenylation occurs, the transcripts appear to be released (Yonaha and Proudfoot, 2000) , consistent with earlier results on uncoupled processing (Zarkower and Wickens, 1987) .
Interestingly, these presumptively released polyadenylated transcripts appear to retain their association with CstF (Fig. 5D , lane 4) consistent with a function for CstF beyond the cleavage reaction itself (Moreira et al., 1998) .
We must emphasize that the tether is only part of the coupling story. There are several methods for preparing nuclear extract and a variety of conditions that can be used for transcription. But although the tether exists in all of these, many of the conditions fail to give rapid and efficient 3′-end processing, concurrent with transcription. Thus, the tether is required for coupling, but it is not sufficient.
We began this study by optimizing for rate and efficiency of processing concurrent with transcription. Mindful that under the right conditions processing can be fast and efficient in vitro even when not coupled (Zarkower and Wickens, 1987) we sought functional connections beyond a mere precursor-product relationship between the processing and the transcription (functional coupling). Moreover, we wanted a criterion that points uniquely to the coupled state. For example, both the cap and the CTD are required even for efficient uncoupled processing (Flaherty et al., 1997; Hirose and Manley, 1998; Ryan et al., 2002 ) so a requirement for these cannot be used as an indicator of coupling in vitro. The tether, however, is a unique signature of the coupled state, so we directed our initial attention to the tether, and cut it using RNase H to see if this would disrupt coupling.
Disrupting a functional connection to investigate functional coupling requires some caution so that the only difference is the disrupted functional connection itself. Thus, the failure of RNA to be processed efficiently after removal from the ternary complex by RNase H (Figs. 3B and 4) provides strong evidence of coupling because it is not likely that the state of the RNA has been altered beyond its removal from the ternary complex. Yonaha and Proudfoot (2000) have made a comparable observation using immobilized templates. In contrast, reduced efficiency of processing after removal of the RNA from the ternary complex by phenol extraction-occasionally applied as a criterion for functional coupling (Adamson et al., 2005 )-is not a sufficient criterion because free RNA is unlikely to fold and associate with proteins in the same way as RNA extruded from a polymerase. Very likely, newly extruded RNA is packaged in a way that makes it a preferred substrate for the next step of mRNA production, but this is really coupling in the broader precursor-product sense. For this reason studies directed at functional coupling often compare the processing of RNA produced by RNA polymerase II with the processing of RNA produced by T7 RNA polymerase under the same conditions (Mifflin and Kellems, 1991; Ahuja et al., 2001 ). However, even here caution is required because, as discussed earlier, mere involvement of the polymerase as a participant in the processing reaction is not synonymous with functionally coupling processing to transcription.
We have been careful to show that processing proceeds concurrently with transcription in our system (Fig. 1A) . Although for technical clarity we sometimes stopped transcription prior to processing (e.g. Fig. 3B ), the overall conditions were not otherwise changed, and care was taken to demonstrate that this did not have a significant effect on processing ( Fig. 2A and B) . In one recent study on functional coupling, transcription and processing were carried out under markedly different conditions (Adamson et al., 2005) . Apparently it was necessary to stop transcription with EDTA and then add PVA in order to obtain robust poly(A) site cleavage.
However, at least for the SV40 late poly(A) site, we have found that PVA promotes rapid and efficient processing in reactions that have been uncoupled by RNase H cutting (data not shown). This is expected given the known ability of PVA to drive uncoupled poly(A) site cleavage (Zarkower and Wickens, 1987; McLauchlan et al., 1988) . Indeed, a hallmark of the coupled processing we report here is that its rate and efficiency are not dramatically different in the presence or absence of PVA (e.g. compare Fig. 3B , lanes 14-15 with Fig. 1E, diamonds) . In summary, after conditions have been changed, caution must be exercised in concluding that what happens next is functionally coupled to what happened before.
Although the present study has a number of features in common with previous studies on the coupling of 3′-end processing to transcription, it is difficult to make direct comparisons. For example, like us, Mifflin and Kellems (1991) observed processing that was fast and efficient when coupled to transcription, and Yonaha and Proudfoot (1999; and Ahuja et al. (2001) observed functional interactions between processing and transcription. Nevertheless, it is not possible to say if a tether requirement would have been evident in those studies because they all employed crowding agents like PVA to enhance the processing. In some cases (but not always, e.g. Fig. 3D ), crowding agents can mask the effects of uncoupling by accelerating the uncoupled reaction to levels that can even exceed those of coupled processing. Therefore, the rate and efficiency of processing per se are not necessarily reliable indicators of coupling, at least when PVA is involved. Instead, evidence of functional interactions must be sought. We think it likely that PVA mimics an activity in nuclear extract that accelerates processing-but that this activity only acts on processing that is coupled to transcription (i.e. with the tether still intact). In contrast, PVA appears to promote rapid processing indiscriminately.
Experimental Procedures
Plasmids. In pSV40E/P the transcription unit and several kb of surrounding sequence are identical to pAP〈117cat〉 (Tran et al., 2001) . In pSV40E/L a SmaI-BamHI fragment containing L (Tran et al., 2001) replaces the HpaI-BamHI fragment in pSV40E/P that contains P. In the mutated P and L poly(A) signals, the AATAAA hexamers have been changed to AgTAct and AAgtAc respectively.
For pCMV/BGH a 1778 bp PCR fragment was made from pcDNA3 (Invitrogen) using oligos #1 and #2 as primers. Two cloning steps were then carried out, essentially to replace the 
12) GGTATCGATAAGCTGATCTCATGCACCATTCG
Coupled processing assay. HeLa nuclear extract was prepared as described (Tran et al., 2001 ). This is a very crude extract. For the success of our previously reported elongation assay ("signaling", Tran et al., 2001) we found it essential to conduct the final centrifugation at a much lower speed than called for in the earlier protocol that we followed (Flaherty et al., 1997) . We continued that practice for these studies although we have not determined whether it is as important for coupled processing as it is for signaling. We did find, however, that for efficient coupled processing it was particularly important to achieve complete cell lysis and to remove all material above the nuclear pellet after centrifugation.
A typical pulse-chase assay began with 3 µl of nuclear extract that was mixed with antiRNase (Ambion), DTT, MgCl 2 , sodium citrate, DNA and water up to 5.9 µl. Amounts of magnesium, citrate and nuclear extract were individually optimized for each extract preparation.
The mixture was pre-incubated at 30°C for 30 min and then pulsed with 3 µl containing 20 µCi of [α-32 P] CTP, nucleotide triphosphates and creatine phosphate. Then 3.6 µl of chase mix was added containing a high concentration of non-radiolabeled CTP. Final concentrations in a standard pulse-chase assay (unless otherwise noted) were as follows: 4.8% glycerol, 4.8 mM HEPES (pH 7.9), 24 mM KCl, 48 µM EDTA, 2.1 mM DTT, 24 µM PMSF, 10 U anti-RNase, 4
mM MgCl 2 , 3 mM sodium citrate (pH 6.7), 0.3 µg DNA, 200 µM each of ATP, UTP and GTP, 20 mM creatine phosphate and 2 mM CTP. PVA or DNA oligonucleotides, when used, were usually added with the chase. When α-amanitin and 3′-dATP were used, they were added in a 1 µl volume. The final concentrations of these additions, if used, were: 2.1% PVA, 8 ng/µl DNA oligo, 37 ng/µl α-amanitin and 400 µM 3′-dATP.
In vitro transcription was terminated by the addition of a "stop solution": 65 µl of 10 mM TrisHCl, 10 mM EDTA, 0.5% SDS, and 100 µg proteinase K (Ambion). After 30 min at 30°C
the RNA was extracted with 350 µl TRIzol (Invitrogen), 70 µl chloroform, then precipitated with 4 µl of 5 mg/ml glycogen (Ambion) and 350 µl isopropanol (30 min, room temperature), and finally run on a 5% polyacrylamide gel. Following electrophoresis, results were recorded and analyzed using a PhosphorImager with ImageQuant software (Molecular Dynamics). No
Photoshop was used.
Immobilized template experiments. PCR was carried out using oligos #11 and #12 as primers on pSV40E/L DNA following the manufacturer's protocol for ThermalACE (Invitrogen) except that 2 U each of Taq and Pfu polymerase were used. Primer #11 was biotinylated. The PCR products were purified using agarose gels and a Qiagen Gel Extraction kit. The eluted DNA was then bound to Dynabeads M-280 Streptavidin (Dynal) using the manufacturer's protocol. The beads were then washed 2 times with 400 µl of Dynal Washing Buffer, followed by washing once, rotating 10 h and washing again 4 times with 400 µl of 10 mM Tris, 1 mM EDTA, pH 8.
Attachment was confirmed by digesting the bead-bound DNA with restriction enzymes.
Approximately 0.5 pmol of DNA was attached per mg of bead. Magnetic selection, following transcription, was allowed to proceed for 2 min. The bead fraction (pellet) was then washed twice with vortexing in 50 µl of buffer D (nuclear extract dialysis buffer), and these washes were combined with the original supernatant to which 65 µl of the stop solution was added. The beads were also incubated in stop solution at 30ºC for 30 min to liberate the template-associated RNA, and then the beads were removed prior to isolation of the RNA. Input, Free, and Bound fractions were then digested with DNase I (Roche), hybridized at 65°C, and subjected to RNase protection using RNase T1 (Chao et al., 1999) . The mole % of processing in lane 2 is 30% of the total. The DNA used here, pSV40E/L′, had the same promoter and poly(A) signal as in (A) but set in a different plasmid background that provided an intron to allow for expression in vivo. Lane 1 shows a control using cytoplasmic RNA, isolated from transfected cells as previously described (Park et al., 2004) . The probe used was a run-off transcript from a derivative of pSV40E/L′ containing an inserted T7 RNA polymerase promoter.
Since only RNase T1 (specific for G residues) was used in the RNase protection a single probe (C) Exogenous RNA added to a coupled reaction does not get processed. Pre-made 32 P-labeled RNA was isolated from a 10 fold coupled processing reaction of pSV40E/L in extract 3. RNA running slower than poly(A) cleaved RNA was purified from a 5% polyacrylamide gel and 15,000 CPM of the RNA was added to a standard (i.e. containing no PVA) coupled processing reaction in extract 3 (along with α-amanitin to 34 ng/µl and 3′-dATP to 372 µM) that was pulsed with cold rather than hot CTP. The resulting gel was exposed 3 days to the phosphor screen.
(D) Exogenous RNA is not inhibitory. A reaction was carried out in parallel with the above which differed only in that the coupled reaction to which the gel-purified RNA was added was pulsed with 32 P as usual. This gel was exposed only for 8 h to the phosphor screen and the newly made RNA accounts for over 97% of the signal.
(E) To demonstrate that the gel-purified RNA is capable of under-going processing under special conditions it was incubated at 37°C with PVA for 2 h under standard uncoupled processing conditions (e.g. Wahle and Keller, 1994 (B) Severing the tether prevents coupled 3′-end processing. The oligonucleotide names refer to the distance from the principal poly(A) cleavage site to the predominant RNase H cutting site (Wu et al., 1999) . The control oligos for lanes 4-6 and 13-15 were the 77 oligo-complement and oligo #7 respectively.
(C) RNase H-cut RNA is not intrinsically resistant to processing. RNase H-cut RNA was generated as in (B) using a 10 fold coupled processing reaction. The bands were gel purified and incubated under uncoupled processing conditions for 2 h with PVA. The % processing given is mole % of the total. 
